Aims: This study investigates the dynamics of the microflora, particularly the lactobacilli, in Cheddar cheese manufactured from raw and microfiltered milk containing different adjunct cultures. Methods and Results: Sixteen cheeses -raw milk, adjunct and control cheeses -were manufactured in four trials. Lactobacilli were identified by PCR methods in one trial, and by phenotypic typing for all trials. Numbers of lactobacilli were significantly different at day 1 and 3 months in the control and adjunct-containing cheeses. In the raw milk cheeses, Lactobacillus paracasei was detected throughout ripening, Lact. curvatus at the end, and Lact. plantarum at day 1 only. Lactobacillus strain diversity decreased from raw, control to adjunct cheeses. Enteroccoci and coliform numbers further differentiated raw cheeses from the others. Lactococcal starter numbers also differed in the three cheese types and differences were observed within adjunct cheeses. Although adjunct lactobacilli dominated in the cheese to which they were added, strains with similar phenotypic profiles were also detected on occasions in some of the control cheeses. Conclusions: The addition of adjunct lactobacilli modified the growth kinetics of both adventitious lactobacilli and starter lactococci during ripening. Appropriate strain tracking is necessary to monitor changes in the population profiles of control and experimental cheeses in trials utilizing adjunct cultures. Significance and Impact of the Study: Investigations of the role of adjunct strain(s) in cheeses may be complicated by the interactions between the adjunct and the other cheese strains, and effective strain monitoring by genotypic or phenotypic methods is essential if valid comparisons are to be made.
INTRODUCTION
The microbial flora play an important role in the quality of Cheddar cheese. Numerous studies show that two groups of bacteria are present in high numbers and can be active during Cheddar cheese manufacture and ripening: these are the starter lactic acid bacteria (LAB) and the non-starter lactic acid bacteria (NSLAB). The starter LAB are a mixture of strains of Lactococcus lactis subsp. lactis and L. lactis subsp. cremoris. Usually, the starter is added to the milk at a concentration of 10 6 CFU ml )1 and increases during the cheese making to reach a concentration of 10 8 -10 9 CFU g )1 of curd at the end of manufacture. During ripening the level of starter bacteria in cheese declines, although the rate of death depends on the properties of the starter used (Crow et al. 1993) . NSLAB are an adventitious flora which gain access to cheese from the milk and as a consequence of post-pasteurization contamination from the cheese making equipment or the environment (McSweeney et al. 1993) . NSLAB are present in low numbers (10 2 )10 4 CFU g )1 ) at the beginning of ripening and reach levels of 10 6 -10 8 CFU g )1 within a few weeks after cheese making (Peterson and Marshall 1990) . Lactobacilli generally dominate the NSLAB population Williams and Banks 1997; Fitzsimons et al. 1999; Swearingen et al. 2001) , although there are reports of the occurrence of Pediococcus and Enterococcus spp. in Cheddar cheese (Bhowmik and Marth 1990; Gelsomino et al. 2001) . Other bacterial groups, eg coliforms and micrococci, have been found in the nonstarter microflora of raw milk cheeses (Bhowmik and Marth 1990; McSweeney et al. 1993; Shakeel-Ur-Rehman et al. 2000a 2 ; Gelsomino et al. 2001 ). Although it is accepted that starter LAB are essential for good quality Cheddar, the role of NSLAB is less certain. However, current opinion is that NSLAB are essential for the development of flavour in pasteurized milk cheeses as they dominate the viable population throughout ripening. Several studies compared Cheddar made from raw, pasteurized or microfiltered milk (Price and Call 1969 3 ; Lau et al. 1990 Lau et al. , 1991 McSweeney et al. 1993; Shakeel-UrRehman et al. 2000b 4 ). In these studies raw milk cheeses were more intensely flavoured and ripened faster than pasteurized or microfiltered cheeses. However, the flavour of raw milk Cheddar was sometimes considered as atypical and did not reflect the preference of most consumers. The differences observed between the two types of cheese were attributed to the higher number of lactobacilli in raw milk cheeses. It was also reported that the dominant lactobacilli flora in experimental raw milk Cheddar cheeses was more diverse in term of species than in experimental pasteurized cheeses, but strain diversity was not explored (McSweeney et al. 1993) . Several authors have studied the effect of addition of adjunct strains of mesophilic lactobacilli to cheese milk. This approach was used to relate changes in cheese flavour and quality observed during ripening to growth of lactobacilli, or other adventitious flora, such as micrococci, which can also be present in raw milk cheeses, and to identify starters capable of accelerating ripening and improving cheese quality (Reiter et al. 1967; Law et al. 1976; Lemieux et al. 1989; Purchades et al. 1989 5 ; Broome et al. 1990 ; Lee et al. 1990; Trepanier et al. 1991 Trepanier et al. , 1992 McSweeney et al. 1994; Lynch et al. 1996; Swearingen et al. 2001) . Generally, the use of mesophilic adjunct Lactobacillus cultures increases the level of free amino acids and improves the flavour characteristics of Cheddar cheese, but on some occasions, adjunct lactobacilli have been associated with flavour defects. The reported impact of adjuncts on Cheddar quality has been variable either because the effects were strain-specific or resulted from the growth and activities of the adventitious microflora. The Lactobacillus population can be composed of several strains at any stage of ripening. (Fitzsimons et al. 1999; Berthier et al. 2001; Williams et al. 2002) , and an established adjunct strain cheese may not remain dominant throughout ripening. Both adjunct and NSLAB strains may be in the flora of the adjunct-containing cheese during some stages of ripening, although only the numerically dominant strains will be detected using conventional culturing techniques. The quality of the adjunct cheese may also be dependent on the activities of the non-adjunct strains. It is therefore essential to be able to track individual strains throughout cheese manufacture and ripening to effectively determine the contribution of particular adjunct strain(s) to cheese quality. There has only been one report of adjunct strain tracking in Cheddar cheese (Gardiner et al. 1998) , although both phenotypic and genotypic methods have been used to characterize the strain diversity of the Lactobacillus population (Fitzsimons et al. 1999; Williams et al. 2002) .
The present study focused on the dynamics of the microflora in experimental Cheddar cheese. Lactobacillus species and strains were enumerated and monitored throughout cheese ripening. In addition, lactococci, coliforms and enterococci were enumerated. Rep-and speciesspecific PCR methods were applied to track strains and species of lactobacilli throughout ripening. The reliability of a rapid phenotypic strain tracking system was also evaluated and experimental designs allowed direct comparison between each method. The cheeses were manufactured from the same base milk, to which no addition was made, the isolated raw milk microflora was added back or one of four adjunct Lact. paracasei or Lact. curvatus strains was added, respectively. The base milk consisted of microfiltered and pasteurized milk.
MATERIALS AND METHODS

Milk samples
Raw milk was obtained from the Hannah Research Institute farm. After skimming, the milk was microfiltered using an ALFA-Laval MFS1 cross-flow microfiltration unit (pore size of ceramic membrane 1AE4 lm; membrane area 0AE2 m 2 ; flow rate 600 l h )1 m )2 , temperature 35°C). The microfiltered skimmed milk and the cream were pasteurized separately by heating at 73 ± 1°C for 16 s. The pasteurized milk and cream, and the microfiltration retentate, were then stored for 20 h at 4°C prior to cheese manufacture. After storage, skimmed milk was mixed with cream to ensure the same base milk in the four vats, with standardization to a casein to fat ratio of 0AE7 : 1.
Cheesemaking
Sixteen cheeses were manufactured in pilot plant scale 45 l vats as described by Banks et al. (1984) . Four cheesemaking trials were carried out during consecutive weeks. Each trial included: a control cheese (P) prepared with the base milk, a cheese (R) prepared by addition of 10 ml retentate to 100 ml base milk; and two adjunct-containing cheeses (A and B the first 2 weeks, or C and D in the final 2 weeks). Cheeses A, B, C and D were made with the addition of Lact. paracasei F12281, Lact. paracasei, F13385, Lact. paracasei AC11, and Lact. curvatus H2, respectively, in the base milk. Lactobacilus paracasei F12281 and F13385 were selected from 30 strains of the INRA collection for their high and low in vitro proteolytic activities respectively, determined by the o-phthaldialdehyde method of Church et al. (1983) . Lactobacillus paracacasei AC11 and Lact. curvatus H2 were strong and weak proteolytic isolates selected from 21 strains of Lactobacillus spp. in the HRI culture collection. A commercial mesophilic starter, MaO11 (Texel, France), was inoculated at an initial level of 3 · 10 7 CFU ml )1 in all cheese milk. Mesophilic Lactobacillus spp. adjuncts were included at 10 6 CFU ml )1 in the milk. Cheeses were ripened at 8°C for 12 months.
Bacteriological analysis
Cheeses were analysed at five different stages during the ripening period: on day 1, and after 3, 6, 9, and 12 months of ripening. A cheese sample (10 g) was placed into 90 g of a 2% (w/v) trisodium citrate solution at 45°C and blended in a stomacher for 3 min. All the microbiological counts were performed in duplicate using a Spiral plate system (Don Whitley Scientific Ltd 6 , Shipley, UK). This method allowed the detection of 10 CFU ml )1 in milk and 100 CFU g )1 in cheese.
Total bacteria were enumerated on tryptone, glucose yeast extract agar medium (Oxoid Ltd) incubated aerobically for 3 days at 30°C, lactococci on M17 medium (Oxoid Ltd) incubated anaerobically for 3 days at 30°C, mesophilic lactobacilli on Lactobacillus Selective Medium (LBS, Baltimore Biological Laboratories, Rockville, USA) incubated anaerobically for 5 days at 30°C, enterococci on Kanamycin Aesculin Azide agar medium (KAA, Oxoid Ltd) incubated aerobically for 2 days at 37°C, and coliforms on Violet Red Bile Agar medium (VRBA, Oxoid Ltd) incubated aerobically for 1 day at 30°C.
Twenty colonies were randomly selected from the LBS plates at each stage, excepting cheese P after ripening for 1 day when zero, six, eight and 10 colonies were isolated in trials one to four, respectively. A total of 1544 isolates were purified on MRS agar (Difco) and stored at )75°C in MRS broth containing 15% (v/v) glycerol.
Compositional analysis
One-day-old cheeses were analysed for fat, moisture, pH salt and protein content according to Banks et al. (1984) .
Phenotypic typing of lactobacilli
All isolates were examined microscopically and tested for heterofermentative utilization of gluconate as described (Demarigny et al. 1996) .
A rapid phenotypic typing technique based on carbohydrate utilization (Williams et al. 2000) was developed to follow the growth of the four adjunct strains during ripening. The sugar fermentation profiles determined using the API 50CHLsystem (Api Bio-Mérieux, Marcy-l'Etoile, France) were used to select five carbohydrates that differentiated the four adjunct strains; glucose was included as a positive control. Adjunct strain F12281, F13385, AC11 and H2 exhibited profiles A, B, C and D, depicted in Table 1 , respectively. Carbohydrate fermentation profiles were monitored in sterile 96 well microtitre plates. Each well contained API 50 CHL base medium (225 ll), sterile 5% (w/v) carbohydrate solution (25 ll) and 3 ll of the test strain grown in MRS broth for 24 h at 30°C. The microtitre plates were incubated at 30°C for 48 h. A positive result was indicated by the development of a yellow colour due to acid formation from the catabolism of the carbohydrate substrate.
DNA extraction
Chromosomal DNA was isolated with Instagen Matrix (Bio-Rad Laboratories 7 , Hercules, CA, USA) as described in Berthier et al. (2001) .
Rep-PCR typing of lactobacilli
Rep-PCR was performed with REP and ERIC primer pairs as described previously (Berthier et al. 2001) . Isolates exhibiting profiles with 88% or more similarity were considered to be the same strain. Rep-PCR was applied to the 380 isolates from trial one.
Species-specific PCR
The species specific primers were derived from the 16S-23S intergenic sequence of Lact. paracasei, Lact. zeae, Lact. rhamnosus, Lact. plantarum, Lact. paraplantarum, Lact. pentosus, Lact. curvatus, Lact. sake and Lact. graminis. PCR was performed as described previously (Berthier and Erlich 1998 8 ; Berthier et al. 2001) . Species-specific PCR was applied to representative isolates of each of the Rep-PCR profiles.
RESULTS
Cheese manufacture
The physico-chemical composition of the cheeses at day 1 was within the typical range for Cheddar cheese with levels of moisture, fat, pH, proteins, and salt in moisture of 34AE99 ± 0AE47%, 35AE35 ± 0AE66%, 5AE28 ± 0AE10, 24AE61 ± 0AE33% and 4AE96 ± 0AE5%, respectively.
Milk for cheesemaking had a very low bacterial load following pasteurization and microfiltration. Total bacterial counts were 315 ± 285 CFU ml )1 and LBS counts were consistently <10 CFU ml )1 . When retentate was added, total bacterial counts increased to 11 750 ± 3482 CFU ml and LBS counts to 528 ± 213 CFU ml )1 . The results of M17 enumeration are presented in Fig. 1 . The number of bacteria (presented as log 10 data) in 1-day-old cheeses was 8AE53 ± 0AE28 CFU g
)1 , which is typical for the lactococcal starter in Cheddar cheese (McSweeney et al. 1993; Lynch et al. 1996) . This initial load decreased during ripening and the extent of the decrease, from 2AE7 to 5AE5 log, varied depending on the experimental conditions. The growth pattern of the starter lactococci was similar in cheese made from pasteurized and microfiltered milks, with or without adjunct lactobacilli. However, there were always more lactococci (0AE3-3AE0 log) in cheeses made from pasteurized and microfiltered milks without adjunct lactobacilli from 3 months of ripening. The kinetics of the decrease in lactococcal numbers varied according to the adjunct strain. The bacteria detected during the first 3 months of ripening in cheeses made from raw milk were predominantly lactococci, and possibly enterococci, which, like some lactobacilli, can also grow on M17 medium. In fact the growth curves on M17 and KAA were similar between 3 and 6 months for R cheeses supplemented with retentate. This may explain the different growth patterns observed for this type of cheese in which no significant decrease in lactococcal numbers was observed after 3 months of ripening. 
Enumeration of NSLAB
The enumeration of NSLAB on LBS medium during ripening for the six types of cheeses is shown in Fig. 1 . NSLAB grew in all cheeses and, although exhibiting different growth kinetics, reached a similar level at the end of the ripening period. LBS counts in cheeses made with the three adjunct Lact. paracasei strains (cheeses A, B and C) were maximal (log 8AE6 ± 0AE3 CFU g
)1 ) at day one and remained at that level throughout ripening. The same population density (log 8AE6 ± 0AE15 CFU g
)1 ) was reached after 3 months of ripening in the four R cheeses that had been inoculated with raw milk microflora and the two D cheeses inoculated with the Lact. curvatus strain H2. This population level remained similar within cheeses A, B, C and R as ripening progressed, but decreased markedly within the two D cheeses to reach log 7AE2 CFU g
)1 after 12 months of ripening. At 3 months, the mean counts in the four P cheeses made from pasteurized and microfiltered milk were 1AE1 log lower than those observed in all other cheeses; from 9 months the counts were similar to those in cheeses A, B, C and R, but were up to 1 log higher than the counts in the series D cheeses. The numbers of NSLAB detected on LBS medium were identical for the same type of cheese in each trial, excepting P type cheeses. When NSLAB could be enumerated in the four P cheeses, differences in the LBS counts ranged from 2AE5 log at 3 months to 1 log at 12 months, with numbers gradually increasing from trial 1 to trial 4 at 3 and 6 months. The bacteria enumerated on LBS medium were further characterized as lactobacilli.
Enumeration of enterococci and coliforms
Enumeration throughout ripening on 9 KAA medium gave similar numbers of log 3AE2 ± 0AE5 CFU g
)1 for cheeses P, A, B, C and D, and log 6AE0 ± 0AE5 CFU g
)1 for cheeses R throughout ripening. The bacteria enumerated on KAA medium were not characterized further, but it is more likely that they were enterococci, as this medium is selective for enterococci in Cheddar cheese (Gelsomino et al. 2001 10 ). Coliforms were only detected in the four R cheeses. Their numbers increased by 3AE5 log during cheese manufacture to attain a population of log 6AE7 ± 0AE7 CFU g
)1 on day 1, but after 3 months coliforms were only detected in one of the R cheeses (log 3AE8 ± 1AE4 CFU g
)1
). The bacteria enumerated on 11 VRBA medium were not characterized further.
Species level identification of NSLAB
All NSLAB isolates from trial 1 were identified as lactobacilli. The isolates were assigned to Lact. paracasei (95%), Lact. curvatus (4%) and Lact. plantarum (1%), respectively. The growth of each Lactobacillus spp. during ripening is shown in Fig. 2 . Lactobacillus paracasei dominated in all types of cheese and at all stages of ripening and was the only species detected in cheeses A and B. Lactobacillus curvatus was detected after 12 months in cheese R and represented 10% of the isolates. In cheese P. Lact. curvatus was detected at 9 and 12 months and represented 45% of the isolates at 12 months, a level similar to that of Lact. paracasei. Lactobacillus plantarum was only detected at day 1 in cheese R and represented 25% of the isolates.
Rep-PCR typing of lactobacilli
Sixteen different profiles, P1-P16, were differentiated among the 380 isolates from trial 1, after REP and ERIC-PCR analysis, indicating the presence of 16 different strains named S1-S16 (Table 2) . REP-PCR allowed the same discrimination as ERIC-PCR. Eight different strains were differentiated among Lact. paracasei, including the two adjunct strains; five different strains of Lact. curvatus and three different strains of Lact. plantarum were also differentiated (Table 2) . Rep-PCR fingerprints of strains affiliated to the same species clustered at a similarity level of 40% or higher.
Only two strains, Lact. paracasei S10 and S12, were detected in cheeses A, P and R. Lactobacillus paracasei strains S11 and S13 were detected in two cheeses R and B for strain S11 and cheeses R and P for strain S13. The adjunct lactobacilli strains S11 and S12 were therefore detected not only in cheeses into which they had been inoculated but also in other cheeses.
Strain diversity in cheeses. The adjunct Lact. paracasei S11 was the only strain detected throughout ripening in the series B cheeses into which it initially had been inoculated. Similarly adjunct Lact. paracasei S12 was the only strain detected throughout ripening in the type A cheeses to which it had been inoculated, although after 12 months of ripening an adventitious strain, Lact. paracasei S10, represented 5% of the isolates. This strain was also dominant in cheese R and P at the end of ripening and was probably present in the raw milk microflora.
The distribution of strains in cheeses R and P during ripening is shown in Fig. 3 . The greatest diversity (13 different strains) was observed in cheese R. The diversity was most pronounced at day 1 and after 9 and 12 months of ripening with five to seven strains. Six different strains were detected in cheese P with one to four strains at each ripening stage. Only three strains, S10, S12 and S13, were common to cheeses R and P. Strain S10 was dominant in cheeses R and P, representing 41 and 31% of their isolates throughout ripening respectively. Strains S12 and S13 were dominant only in cheese P.
Strain dynamics in cheeses. The distribution of strains in cheeses R and P during ripening is shown in Fig. 3 . Two strains, Lact. paracasei S10 and S14, were detected throughout ripening and made up 79% of the isolates from cheese R. Strain S10 was the most abundant strain at day 1, 9 and 12 months, representing 45% or more of the isolates at each stage. Strain S14 was the most abundant strain at 3 and 6 months representing 55% or more of the isolates at each stage. The other 11 strains were minor and detected only occasionally. Among them, Lact. paracasei S15, was detected at three different stages, day 1, 9 and 12 months; the others were only detected at one stage. No strain was detected throughout ripening in cheese P. Three strains were only present at one ripening stage and the other three at two stages. Three different strains dominated at 3, 6 and 12 months, representing 80% or more of the isolates at each stage. Ripening time (month) Strain proportion among isolates (%) S11 S8 S6 S5 S10 S10 S14 S15 S14 S12 S10 S10 S10
Cheese R Cheese P S16 S13 S9 S15 S15 S14 S14 S14 S1 S5 S13 S12 S10 S4 S10 S12 S3 S2 S2 Fig. 3 Strain diversity of lactobacilli during ripening within cheeses R and P from trial 1, as determined by Rep-PCR typing. Strains were assigned to Lact. curvatus (S1-S5), Lact. plantarum (S6-S8) and Lact. paracasei (S9-S14). Strains that were detected only at one stage of ripening are indicated with white boxes
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Phenotypic typing of lactobacilli
All isolates recovered from LBS medium were facultatively heterofermentative lactobacilli.
Strain differentiation. The different Rep-and fermentation profiles of the 380 isolates of trial 1 are shown in Table  2 . Adjunct strains of Lactobacillus spp. could also be differentiated on the basis of their fermentation profiles using six carbohydrate substrates (Table 1 ). The isolates from the trial exhibited 11 different fermentation profiles, A-H and L-N ( Table 2) . Isolates with a specific Rep-PCR profile could exhibit different fermentation patterns.
Fermentation profiles that differed markedly in carbohydrate use could unambiguously differentiate Lact. paracasei isolates, as exemplified by profiles A and B of the adjunct strains F12281 and F13385. Among the isolates from the four cheeses in trial 1 98AE4% were correctly identified as one of these two adjunct Lactobacillus strains by both phenotypic and Rep-PCR typing. Only isolates with Rep-PCR profile S11 exhibited the fermentation profile B and 96% of the isolates with Rep-PCR profile S12 exhibited fermentation profile A. The two adjunct Lact. paracasei F12281 or F13385 were thus correctly classified with both Rep-PCR and the phenotypic typing method. In contrast, the most abundant Rep-PCR profiles (S10 and S14) among non-adjunct Lact. paracasei comprised isolates that exhibited multiple fermentation profiles. Among isolates with Rep-PCR profile S10 49% exhibited fermentation profile F; most of the remainder possessed profile G, but these restricted phenotypes differed only in arabitol utilization. Lactobacillus paracasei isolates with Rep-PCR profile S14 also exhibited several phenotypic profiles, amongst which type F was predominant. The fermentation profile F was exhibited by Lact. paracasei and Lact. plantarum isolates with different minor Rep-PCR profiles.
Fermentation profiles selected to differentiate the four Lactobacillus adjunct strains were not effective for differentiating the Lact. curvatus isolates. All isolates of Lact. curvatus exhibited the same fermentation profile D, which was characterized by negative fermentation for the five test carbohydrates; Rep-PCR typing discriminated five different profiles. Phenotypic typing with the six sugars selected could, however, differentiate the Lact. curvatus strains from the Lact. paracasei and Lact. plantarum strains.
Phenotypic typing was also applied to the other 1164 isolates and these data are presented in Tables 3 and 4 .
Presence of adjunct lactobacilli in cheeses. The majority (93%) of the isolates from cheeses inoculated with an adjunct strain exhibited the phenotypic profiles of the adjunct strains with which they were inoculated (Table 3) . With the exception of one isolate in both the A type cheeses only the inoculated adjunct strain was detected during ripening. The adjunct strain represented 99% of the isolates selected. All of the isolates from cheese B in both trials exhibited the phenotypic profile of strain F13385 with which they were inoculated. In the paired cheeses C and D 98AE5 and 90% of the isolates, respectively, exhibited the phenotypic profile of the appropriate adjunct strains AC11 and H2. Profiles corresponding to those of adjunct strains were also detected in isolates from control (P) and retentatecontaining (R) cheeses manufactured in the same trials as those in which the adjuncts had been used (Table 4) . The profile (A) of adjunct strain F12281 was detected in 9 and 0AE2% of the isolates obtained throughout the ripening period from each of the four cheeses P and R, respectively. The profile of adjunct strain F12281 represented 80 and 20% of the isolates at 3 and 12 months in cheese P from trial 1, and 40, 10 and 10% of the isolates at 3, 6 and 9 months in cheese P from trial 2, respectively. This profile was also detected at 9 months in cheese R from trial 1, and represented 10% of the isolates. The profile (B) of adjunct strain F13385 was detected in <1% of all the isolates from cheeses P and R. It was detected in cheese P from trial 2 at 6 months and represented 10% of the isolates. The profile was also detected at day 1 in cheese R from trial 1 and represented 5% of the isolates. The profile (C) of adjunct strain AC11 was detected in 2AE7 and 29% of the isolates from cheeses P and R, respectively. This profile was detected throughout ripening in cheese P during trial 4 and represented 93% of the isolates. It was also detected throughout ripening in cheese R during trials 3 and 4 and represented 17 and 9% of the isolates, respectively. The profile (D) of adjunct strain H2 was detected in 5 and 18% of the isolates from cheeses P and R, respectively. The H2 adjunct profile was detected throughout ripening in cheese P from trial 3, and represented 68% of the isolates recovered from this cheese; however, in trials 1 and 2 it represented only 14 and 7% of the isolates from cheese P, respectively. It occurred in low numbers in the latter stages of ripening in cheese R made in trials 1 and 3.
Typing of non-adjunct lactobacilli in cheeses. In addition to the profiles of the four adjunct strains, 11 different profiles were detected (Tables 3 and 4) ; three major profiles (E, F and G) represented 98% of the isolates of the eight raw milk and control cheeses (Table 4 ). The strain profiles of the four cheese R replicates were very similar and 77-95% of isolates obtained from these cheeses were assigned to profiles C (3-17%), F (42-68%) and G (27-40%). Of these only profile C was an adjunct profile. The strain profiles of the four control (P) cheese replicates differed. In trials 1 and 2, 95 and 92% of the isolates, respectively, were affiliated to profiles A, D, E and F; profile F represented 31 and 41% and profile D 14 and 7%, respectively. In trial 3, 95% isolates from the control cheese were affiliated to profiles D, E and F. Only two profiles, E and F, among the five most frequently profiles detected in cheeses P were not adjunct profiles. In trials 3 and 4 with adjunct D, they represented 15 and 3% of the isolates, respectively (Table 3) .
DISCUSSION
In this study, two to four replicates of six experimental Cheddar cheeses that differed in their non-starter lactococcal microflora were manufactured in four independent trials within a period of 1 month. Most microbiological data were similar for the cheeses manufactured under the same conditions, except for the control cheeses, which exhibited a high inter-trial variability in Lactobacillus numbers, species and strain profiles throughout ripening. Raw milk cheeses differed from the control cheeses not only in their NSLAB content, but also in the number of enterococci and coliforms present, as has been reported previously for cheeses made from raw milk (McSweeney et al. 1993; Shakeel-Ur-Rehman et al. 2000a; Gelsomino et al. 2001) . The number of coliforms in the raw milk microflora before manufacture, the increase during cheese manufacture and decline at the beginning of ripening were within the range reported. The numbers of enterococci were at least 1 log higher.
This study focused principally on the adjunct and nonstarter lactobacilli present in the experimental cheeses. All the LAB selected on LBS agar at 30°C were facultatively heterofermentative lactobacilli, as previously reported in commercial Cheddar cheeses Fitzsimons et al. 1999 Fitzsimons et al. , 2001 . Two different PCR techniques using repetitive and species-specific primers (Berthier et al. 2001) were applied to 380 of the 1544 isolates, and this genotypic approach was successful in differentiating at the species and strain level. PCR with species-specific primers allowed the unambiguous assignment of all the Lactobacillus isolates at the species level. This assignment always corroborated the presumptive affiliation that was derived from Rep-PCR fingerprint clustering with reference Lactobacillus strains. The limited phenotypic profiling used was not designed to provide in-depth details on the strain diversity of the lactobacilli, but the 'phenotypic fingerprints' obtained with a pre-selected carbohydrate substrate combination were particularly effective for monitoring the establishment, development and survival of adjunct strains during ripening as proposed by Williams et al. (2000) .
The two techniques used to characterize isolates of lactobacilli at the strain level were Rep-PCR and phenotypic typing. Rep-PCR was used as previously described for Comté cheeses (Berthier et al. 2001) . Rep-PCR applied to the description of lactobacilli in Cheddar cheese facilitated the monitoring of adjunct Lactobacillus strains and mesophilic lactobacilli from the adventitious non-starter flora throughout cheese ripening. Another PCR-based method, RAPD, was used previously to investigate the NSLAB population of Cheddar cheese (Fitzsimons et al. 2001) . Phenotypic profiling was also used to discriminate between the four Lactobacillus adjuncts used in cheese manufacture. The fermentation of six carbohydrates was used to differentiate between the adjuncts in order to obtain a rapid and simple discriminative test. The comparison of Rep-PCR and phenotypic strain typing when applied to the isolates of trial 1 showed that phenotypic typing was reliable to track the adjunct, but was less reliable for the adventitious strains. However, the use of a wider variety of carbohydrate substrates does enable the successful discrimination between strains in the cheese NSLAB population (Williams et al. 2000 (Williams et al. , 2002 . Strain diversity was underestimated by the limited phenotypic typing used in this study, with only seven different strains being detected, compared with the 13 strains identified by Rep-PCR typing in the raw milk cheese. Nevertheless, phenotypic typing was very useful to rapidly detect the shift that occurred in the strain composition of the Lactobacillus populations in the control cheeses in the four trials undertaken.
The numbers of lactobacilli at day 1 and their growth in the four experimental Cheddar cheeses made with raw milk microflora were similar to published values for experimental Cheddar cheeses (i.e. a maximum of 1 · 10 8 )5 · 10 8 CFU g )1 after 3 months ripening at 8 or 10°C, McSweeney et al. 1993; Shakeel-Ur-Rehman et al. 2000a) . These numbers were also close to data reported for commercial Cheddar cheese made with pasteurized milk (ie 5 · 10 7 )1 · 10 8 CFU g )1 after ripening at 8°C, Williams and Banks 1997; Fitzsimons et al. 2001) . The species and strain compositions, and the dynamics of the lactobacilli throughout the ripening in the experimental cheeses examined were similar to those reported in commercial UK and Irish Cheddar cheeses made from pasteurized milk (Williams and Banks 1997; Fitzsimons et al. 1999 Fitzsimons et al. , 2001 Williams et al. 2002) . Lactobacillus paracasei was the dominant species throughout ripening with Lact. curvatus occurring less frequently (Fitzsimons et al. 1999) , whilst Lact. plantarum was only detected at the beginning of ripening (Fitzsimons et al. 1999 (Fitzsimons et al. , 2001 Williams et al. 2002) . However, unlike the studies of Fitzsimons et al. (1999 Fitzsimons et al. ( , 2001 and Williams et al. (2002) , Lact. rhamnosus and Lact. brevis strain were not detected and all strains were successfully assigned at the species level. The populations were in a dynamic state and changes in the relative proportions of dominant Lact. paracasei strains throughout ripening was also observed by Fitzsimons et al. (2001) and Williams et al. (2002) . The total number of Lact. paracasei strains (8) detected and the number at each ripening stage (2-6) was in the range reported previously by the latter authors.
The similarity of the population dynamics of the lactobacilli in Cheddar cheeses made with pasteurized and microfiltered milk would suggest that either microfiltration plus pasteurization did not eliminate more lactobacilli than pasteurization alone, or alternatively that the final population size at the end of ripening is not dependent on the initial inoculum level. However, detailed analysis of the lactobacilli species and strain composition of cheese made in trial 1 showed that although the species composition of cheese made with treated milk was similar to that of the cheese made with added raw milk microflora, the strain composition and dynamics throughout ripening were different. Combined pasteurization and microfiltration of the milk resulted in a significant alteration to the Lactobacillus species and strain profile in the cheese with the resultant elimination of six of the eight Lact. paracasei strains, and all the Lact. plantarum strains. McSweeney et al. (1993) also reported that pasteurization eliminated Lact. plantarum and Lact. curvatus, and the additional heating stage may account for the differences observed in the population profiles of the cheese.
A potentially important observation was the presence of one of the adjunct strains in the dominant Lactobacillus population within each of the four control cheeses; the strain detected appeared to correspond with the adjunct strain used in the experimental cheeses which were manufactured at the same time. Strains exhibiting the phenotypic profile of the adjunct strains represented 13-93% of the isolates in the Lactobacillus population of the control cheese. The value of control cheese to assess the role of adjunct strains in flavour formation will be reduced if the adjunct strain also comprises a significant proportion of the non-starter population. The presence of adjunct strains in control cheese suggests that an aerosol-derived cross contamination may have occurred after milk treatment, in spite of the hygienic precaution adopted during manufacture. It is probable, however, that the phenotypic typing method overestimated the apparent contamination by adjunct strains as the presence of adventitious NSLAB with the same profile as the adjunct cannot be excluded. The comparison of phenotypic and Rep-PCR typing indicated that the phenotypic profile of the Lact. curvatus adjunct D was associated with five genotypically different adventitious strains. In addition, phenotypes C and D were detectable in trials 1 and 2 in the control (P) and raw milk (R) cheeses, although these cultures had not been used for cheesemaking or introduced to the dairy environment at that particular time. In these trials the number of mesophilic lactobacilli in the control cheeses was in the accepted range. It is not sufficient, therefore, merely to determine the population size as this does not reveal information on the profile of the population. The only way to monitor adjunct contamination is thus the application of strain typing. The potential for cross contamination and the inter-trial variability in the strain profile of control cheese should also be taken into consideration when the role of adjunct strains is being evaluated by comparative techniques.
The growth kinetics of the four adjunct Lactobacillus strains in the experimental cheeses were similar to those of adjuncts monitored in other studies (Broome et al. 1990; Lynch et al. 1999; Swearingen et al. 2001) . Each Lact. paracasei strain added to milk grew rapidly from 10 6 CFU ml )1 in the milk to 10 8 CFU g )1 at day 1 in the cheese and remained at this level throughout the 12-month ripening period. The Lact. curvatus adjunct reached the same numbers as the Lact. paracasei adjuncts. The infrequent occurrence of Lact. curvatus strains in the dominant lactobacilli microflora of commercial Cheddar (Fitzsimons et al. 1999; Williams et al. 2002) may be a consequence of their relative susceptibility to pasteurization (Jordan and Cogan 1999) or their inability to compete with other strains in the cheese ecosystem.
Despite their high inoculation level and effective establishment the adjunct strains were not the only lactobacilli detected during ripening in most of the adjunct cheeses. Only the adjunct strain was detected in the B series cheeses, but after 3 months other lactobacilli were detected intermittently in the other cheeses throughout ripening. In some instances these strains exhibited the phenotypic profiles of one of the Lact. paracasei or Lact. curvatus strains present in the dominant lactobacilli of the corresponding control cheese microflora, but they were not always detected at the same stages in both control and adjunct cheeses. In the other cases the strains exhibited phenotypic profiles that were not present in the control cheese non-starter microflora.
The inclusion of adjunct lactobacilli not only impacts on the development of other NSLAB during ripening but also affects the survival of other LAB in the cheese. The number of lactococci recovered decreased throughout ripening when an adjunct Lactobacillus strain or raw milk flora was present in the base milk. The extent of the decrease in the starter lactococcal population was adjunct dependent. This decrease reflects the interactions that occurred between LAB and NSLAB, even when the NSLAB were present at low level in the milk, as was the case when raw milk microflora was used. Similar results were obtained by Gelsomino et al. (2001) , whose data confirmed an interaction between NSLAB and lactococci. The inclusion and subsequent growth of an adjunct will introduce a strain-dependent effect on the development and activities of the LAB population.
The use of adjunct cultures thus impacts on the growth kinetics of the other starter and non-starter LAB in the cheese. These interactions must be considered when the actual role of the adjunct is being assessed as the effects may not be due to the direct activities of the adjunct but arise indirectly as a consequence of increased starter lysis associated with the presence of the adjunct strain. It is evident from the data reported here that all studies on the effects of adjunct cultures must include information on the composition of the populations of both the control and experimental cheeses as total counts alone do not reveal either the complexity or dynamic status of the starter, adjunct and adventitious non-starter populations during maturation.
